We have previously demonstrated that increases in cytosolic free Ca 2+ are triggered by the self- 
Introduction
Self-incompatibility (SI) is one of the most important devices whereby higher plants prevent inbreeding. It is a genetically controlled mechanism that regulates the acceptance or rejection of pollen that lands on the stigma. In Papaver rhoeas (the ®eld poppy), SI is controlled by a single, multiallelic, gametophytically controlled S locus (Lawrence et al., 1978) . Pollen grains carrying S alleles that are genetically identical to those carried by the pistil (incompatible) are discriminated from genetically different (compatible) pollen and selectively inhibited, thereby preventing self-fertilization.
Characterization and cloning of S genes and components involved in the SI reaction in P. rhoeas have begun to elucidate the molecular basis of SI. Several alleles of the stigmatic S gene have now been cloned (Foote et al., 1994; Kurup et al., 1998; Walker et al., 1996) . They encode small, basic, highly polymorphic S proteins (approximately 14-kDa) that are developmentally expressed and secreted by the stigmatic papillar cells. Tip growth of incompatible pollen of Papaver rhoeas is inhibited within a few minutes of encountering the S proteins. Both stigmatic extracts and recombinant S proteins have been shown to have S-speci®c biological activity (Foote et al., 1994; Franklin-Tong et al., 1988) . Although the nature of the allelic speci®city remains to be elucidated, site-directed mutagenesis has established that certain residues are crucial for the recognition and inhibition of S 1 pollen (Jordan et al., 1999; Kakeda et al., 1998) . Further, the available data demonstrate that the stigmatic S-proteins act as signal molecules that trigger a signalling cascade in incompatible pollen tubes that results in their inhibition and includes increased phosphorylation of two soluble proteins, p26 and p68 (Rudd et al., 1996 (Rudd et al., , 1997 , alterations in the F-actin cytoskeleton (Geitmann et al., 2000; Snowman et al., 2000) and triggering of nuclear DNA fragmentation (Jordan et al., 2000) .
Of special interest is the involvement of Ca 2+ -dependent signal transduction cascade(s) in pollen tube growth, inhibition and the SI response in incompatible P. rhoeas pollen. The importance of cytosolic free calcium (Ca 2+ i ) for the regulation of pollen tube growth is well known Malho Â et al., 1994 Malho Â et al., , 1995 Miller et al., The Plant Journal (2002) Obermeyer and Weisenseel, 1991; Pierson et al., 1994 Pierson et al., , 1996 Rathore et al., 1991; Rudd and Franklin-Tong, 1999) . Inositol trisphosphate (Ins(1,4,5)P 3 )-induced Ca 2+ release has also been shown to play a role in the regulation of pollen tube growth Malho Â , 1998) . Large, transient increases in [Ca 2+ ] i have been observed in the`shank' of incompatible pollen tubes (Franklin-Tong et al., 1993 , implicating a Ca
2+
-mediated signalling pathway in the SI response. Corresponding decreases in intracellular calcium concentration ([Ca 2+ ] i ) in the tip occur concomitantly with SIstimulated inhibition of tip growth . The nature of the S-speci®c phosphorylation of p26 suggests that a Ca 2+ -dependent protein kinase requiring CaM-like domains is activated during the SI response, and acts as an intracellular signal mediating the SI response in P. rhoeas pollen (Rudd et al., 1996) .
While these studies indicate that the arrest of pollen tube growth due to the SI reaction involves increases in [Ca 2+ ] i , the nature and localization of the source(s) of Ca 2+ involved in generating the SI-stimulated increases in [Ca 2+ ] i has yet to be determined. The ion selective vibrating electrode (Ku È htreiber and Jaffe, 1990; Smith et al., 1994) has previously been used effectively to demonstrate localized in¯ux and ef¯ux of Ca 2+ in both animal and plant systems, including pollen tubes and root hairs (Ca Â rdenas et al., 1999; Holdaway-Clarke et al., 1997; Ku È htreiber and Jaffe, 1990; Messerli and Robinson, 1998; Messerli et al., 1999; Pierson et al., 1994 Pierson et al., , 1996 . This method has several advantages over the more traditional technique of patch clamping for investigation of transmembrane ion¯uxes. Most importantly, it is non-invasive, not requiring removal of the cell wall, and so may be used to study tip growth in living cells. Furthermore, in contrast to patch clamping, no unnatural changes in membrane potential are imposed and the natural conditions on both sides of the membrane are maintained during measurement by the extracellular ion selective vibrating probe. ] i previously reported as mediating the SI response in Papaver.
Results

Calcium¯uxes in normally growing P. rhoeas pollen tubes
We have measured Ca 2+¯u xes at the extreme apex of growing pollen tubes of P. rhoeas using the vibrating probe technique and show, as with other studies, that in¯ux occurs and that it oscillates over time (n = 5), for example see Figure 1 . Depending on the growth conditions of the pollen tubes, the¯uxes varied considerably, though oscillations were still detectable when¯uxes were small. The mean maximal Ca 2+ in¯ux at the peak of the oscillations was 4.64 pmol cm ±2 sec ±1 (SEM T 1.83, n = 5).
In order to obtain a more thorough description of the overall pattern of Ca 2+ current activity in growing pollen tubes, we measured the Ca 2+¯u xes at various points along the shanks of growing pollen tubes of P. rhoeas using 2D mapping (n = 5). This approach enabled the mapping of both the magnitude and direction of the Ca 2+¯u xes.
Because we had previously observed increases in [Ca 2+ ] i in the shank region approximately 50±100 mm behind the tip region during the SI response, we were particularly interested to ascertain if there was any evidence for Ca 2+ Figure 1 . Oscillations of Ca 2+ in¯ux at the pollen tube tip. Measurements of oscillating net in¯ux of Ca 2+ at the apex of a growing pollen tube of P. rhoeas were measured using a Ca 2+ ±selective vibrating probe and are displayed graphically here. The plot shows net Ca 2+¯u x (pmol cm ±2 sec ±1 ), with net in¯ux as a negative reading, and net ef¯ux as a positive reading. The latter part of the plot shows a short background measurement 10 mm away from the pollen tube, in order to demonstrate that the¯uxes measured are attributed to the pollen tube, and not noise.
¯uxes in this region of the pollen tube. Figure 2 shows 2-D mapping of Ca 2+ in¯uxes along part of the length of a typical growing pollen tube shank, concentrating on this area of interest. Three of the average vectors were taken when adjacent to a nucleus. The SEs of these vectors were small, even at a 95% con®dence interval (data not shown).
We have ascertained that the probe was not measuring markedly different¯uxes, by calculating the means and SEs for the¯uxes at these points (data not shown). Although some of the¯uxes measured seem to be parallel to the tube, there is also clear evidence for in¯ux localized in the region of the nucleus, since the bounding¯ux vectors, left and right, in Figure 2 are small. There is therefore no strong evidence that the tube-parallel component observed in the longest vector has its source or sink in another region (e.g. the pollen grain, which is to the left in Figure 2 ). Notably there are relatively large extracellular Ca 2+¯u xes in this`shank', particularly in the region occupied by the male germ unit. An inwardly directed Ca 2+¯u x of 4.1 pmol cm ±2 sec ±1 was measured directly adjacent to the generative cell in Figure 2 . In another pollen tube, a large inwardly directed Ca 2+¯u x of 5.02 pmol cm ±2 sec ±1 was measured in the region of the male germ unit. The standard errors on pollen tubes measured in this way were small; for the pollen tube in Figure 2 , the average coef®cient of variation for the vectors was 11%. We also performed 1-D vibrating probe measurements of Ca 2+¯u xes along the shanks of growing pollen tubes of P. rhoeas that were several hundred mm long (n = 18), as shown in Figure 3 . Typical measurements made along an individual pollen tube are shown in Figure 3 (a). There is Ca 2+ in¯ux at several points along the pollen tube shank.
From many measurements made on different tubes (n = 34), as well as along the length of the same pollen tube, it was evident that these Ca 2+¯u xes were variable in their magnitude. The reason for this is not known, but it may be related to the length of the pollen tube and/or the rate of growth. Figure 3 (b) shows that despite the substantial variation in the extent and amplitude of the Ca 2+ uxes along individual pollen tube shanks (which explains the large error bars shown), there is clear evidence for in¯ux in the region around 50 mm behind the pollen tube tip. The Ca 2+ in¯uxes detected along the shank of untreated tubes were generally in the range 1± 9 pmol cm ±2 sec ±1 (Figure 4 ). These data, together with the 2D vector data, provide evidence for the presence of Ca 2+ in¯ux in regions of pollen tube other than the pollen tube tip. In contrast, at 130±170 mm behind the tip there was consistently scarcely any evidence for Ca 2+ in¯ux ( Figure 3b ).
Use of Gd 3+ and La 3+ to block calcium in¯ux and growth
in pollen tubes
We used the lanthanides Gd 3+ and La 3+ in an attempt to provide further evidence that the¯uxes measured are due to Ca 2+ movement across the plasma membrane. Addition of 75 mM Gd 3+ resulted in considerable reduction in apical Ca 2+ in¯uxes (n = 11), since the tip oscillations were effectively damped out, leveling out at approximately 0±0.5 pmol cm ±2 sec
±1
; 100 mM La 3+ also markedly inhibited in¯ux at the apex (data not shown).
We also tested the effect of these agents on Ca 2+ in¯ux measured 50 mm behind the tip (n = 13). 100 mM La 3+ and Gd 3+ markedly reduced Ca 2+ in¯ux; however, in several examples, between 100 and 500 mM La 3+ did not completely block the Ca 2+ in¯ux in this region. As shown in Figure 4 , the mean maximal in¯ux at the shank (50 mm behind the tip) before addition of lanthanides was reduced by 50% after treatment with 500 mM La 3+ and to less than half with Gd 3+ . We also examined the concentrations of Gd 3+ and La 3+ required for the inhibition of pollen tube growth in an attempt to corroborate the ®ndings described above, with respect to inhibition of Ca 2+¯u x activity. whether there is a role for extracellular Ca 2+ in the SI response. Using the Ca
2+
-selective vibrating probe, we chose a region of the pollen tube 50 mm behind the pollen tube tip, because we had previously observed alterations in Ca 2+ i using ratio imaging that appeared to be generated in this region of the pollen tube (Franklin-Tong et al., 1993 . Moreover we had previously noted that this region also appeared to correlate with the general localization of the male germ unit, and we had obtained evidence, presented earlier in this paper, for Ca 2+ in¯uxes in this region. Figure 6 demonstrates that large Ca 2+¯u xes that are S-speci®c (n = 13) are triggered along the pollen tube shank. It can be clearly seen in Figure 6 
-test).
Temporally, an increase in Ca 2+ in¯ux was detected very soon after addition of S proteins. Although increases were not detected immediately in all cases, in several experiments the ®rst point measured was approximately 2-fold higher than before treatment. Even where increases appeared to be delayed (e.g. Figure 6a ), < 10 sec after treatment Ca 2+ in¯ux was increased almost 4-fold. Ca 2+ in¯ux increased gradually over the subsequent approximately 4 min ( Figure 6a±c ). However, detailed analysis x were made at various points along the pollen tube shank (indicated by the grey bars and the secondary y-axis on the right-hand side). These were made by recording sequentially at a point along the pollen tube, then moving the probe to another location; the times at which recordings were made are indicated by the x-axis. The primary y-axis shows net Ca 2+¯u x (pmol cm ±2 sec ±1 ). Note that there is a high level of variability in the level and location of the Ca 2+¯u xes between the measurements made at different points. However, there is clearly evidence for net Ca 2+ in¯ux at some points along the pollen tube shank. (b) Mean Ca 2+¯u xes measured along the shanks of pollen tubes of P. rhoeas. The means in this ®gure were obtained from sets of data (n = 7) where measurements were made at various points along the pollen tube length. Despite the high variability, there is a region of the pollen tube around 50 mm behind the tip, that consistently exhibits net Ca 2+ in¯ux (mean in¯ux 4.17 pmol cm ±2 sec ±1 , SEM T 1.92, n = 7).
revealed that within this overall trend of an apparently slow increase in in¯ux, Ca 2+ in¯ux oscillated, sometimes as rapidly as 10±15 sec, usually altering several-fold between oscillations, throughout this period. Ca 2+ in¯ux subsequently gradually decreased over a further 5±8 min, returning to the original pre-stimulation levels. Figure 6 (d±f) illustrate typical Ca 2+¯u xes in a fully compatible SI situation. Under these conditions¯uxes of only 2±3 pmol cm ±2 sec ±1 were observed after challenge, which is far below those detected in response to an incompatible situation. Indeed, this ®gure is more in line with the mean Ca 2+¯u xes detected in normally growing, unchallenged pollen tubes. The mean Ca 2+ in¯uxes for the compatible pollen tubes before challenge with compatible S proteins was signi®cantly different from those measured after the challenge (P < 0.01, T-test) but at a signi®cance level 10 times lower than observed in the incompatible situation. As Figure 4 shows, the average magnitude of uxes induced by incompatible S proteins is clearly much larger than the average¯ux induced by compatible S proteins. Although some low-level Ca 2+ in¯ux was detected in most cases (as expected for this region of the pollen tube shank), no Ca 2+¯u xes comparable with the levels measured in the incompatible SI response were detected. This demonstrates the S-allele speci®city of the alterations in Ca 2+¯u xes measured at pollen tube shanks in response to S protein challenge.
Ca 2+¯u xes at the tip of incompatible pollen tubes during the SI response
We also examined what effect the SI response had on Ca 2+ uxes at the pollen tube tip. This region of the pollen tube usually has a high level of Ca 2+ in¯ux activity, which is inhibited when pollen tube growth is blocked (Pierson et al., 1994) . We have previously shown that the intracellular apical Ca 2+ gradient is rapidly dissipated in the SI response . Using the Ca
2+
-selective vibrating probe, we found that upon addition of incompatible S proteins, there was a gradual reduction of Ca 2+ in¯ux at the tip, with Ca 2+¯u xes continuing to oscillate, but decreasing with each oscillation as shown in Figure 7 . A few minutes after challenge the mean maximal Ca 2+¯u xes at the tips of these treated pollen tubes were reduced to around 5% of the mean pre-treatment¯ux (n = 3). Figure 4 , the Ca 2+ in¯ux, though increased, was far below that detected in the incompatible SI response, and was within the levels of uxes detected in unchallenged pollen tubes. These data Figure 4 . Average Ca 2+¯u xes before and after treatment with S proteins and Ca 2+ channel blockers. Average Ca 2+¯u xes measured 50 mm behind the tip of Papaver pollen tubes before and after 500 ml La 3+ , 500 ml Ga 3+ , compatible, incompatible challenge and incompatible challenge of pollen tubes pre-treated with Gd 3+ . Comparisons were made between before and after measurements of individual pollen tubes treated similarly, and not with the overall mean in untreated pollen tubes. Signi®cance (T-test) levels are indicated as follows: * P < 0.05 one-sided; ** P < 0.005 one sided; ³ P < 0.05 two-sided; ³³ P < 0.01 two-sided; ³³³ P < 0.001 two sided.
suggest that the SI-response might be mediated by two different kinds of Ca 2+ -conducting channels, one sensitive to inhibition by lanthanides and the other insensitive.
We obtained data using ratio imaging of pollen tubes that were pre-treated with 500 mM La 3+ prior to challenge with incompatible S proteins (n = 8). Figure 8( is required for the SI response.
Discussion
The ion-selective vibrating probe provides a powerful method for measuring the magnitude and direction of extracellular ion¯uxes in regions adjacent to living cells; it has been especially effective in studies of pollen tubes (Feijo Â et al., 1995 ; Holdaway-Clarke et al., 1997; Ku È htreiber and Jaffe, 1990; Messerli et al., 1999; Pierson et al., 1994) . Here we have used the ion-selective vibrating probe to investigate Ca 2+¯u xes associated with growing poppy pollen tubes, with particular reference to the SI response.
Calcium in¯uxes are detected at the pollen tube shank
Our observations show, in agreement with previous studies on lily pollen tubes (Holdaway-Clarke et al., 1997; Messerli and Robinson, 1997) , that there is an oscillating Ca 2+ in¯ux directed at the tip of the poppy pollen tube. We also demonstrate signi®cant in¯uxes of Ca 2+ at the shank of normally growing pollen tubes. There is clear evidence for localized in¯ux, despite some of the¯uxes measured appearing parallel to the tube. Although it is not possible to rationalize the parallel component outside the cell by any diffusion process, it is known that large electrical ®elds surround the growing pollen tube (Weisenseel et al., 1975) . These could potentially interact with the concentration gradient of Ca 2+ to produce local distortions of the resultant vectors parallel to the pollen tube shaft. Until now, it has been generally considered that there is negligible Ca 2+ in¯ux except that occurring at the tip . Although Weisenseel et al. (1975) reported net ion in¯ux at the pollen tube shank, the contribution of Ca 2+ was not determined, and Ku È htreiber Our data indicate two alterations in the normal pattern of Ca 2+¯u xes in the pollen tube: increased in¯ux in a region of the shank, and decreased in¯ux at the tip, as illustrated in Figure 9 (a). We used Gd 3+ and La
3+
, which are reported to be inorganic Ca 2+ channel blockers (Marshall et al., 1994) , in an attempt to further decipher the observed in¯uxes, and found that both inhibitors blocked Ca 2+ in¯ux Figure 6 . Ca 2+¯u xes are triggered at the pollen tube shank in the SI response. The plots show net Ca 2+¯u x, with net in¯ux shown as a negative reading. a, b and c illustrate typical examples of the response detected by the vibrating probe in an incompatible SI response, while d, e and f are typical compatible SI reactions. These comparisons demonstrate the S-allele speci®city of the Ca 2+ in¯uxes measured, as the same S proteins were used, and the only differences are due to different S-alleles carried by the pollen samples. All measurements were made in the shank region of the pollen tube, at 50 mm behind the pollen tube tip. Measurements before treatment and after addition of S proteins (indicated by arrow) are shown. Some plots indicate readings taken afterwards, at 10 mm away from the pollen tube, in order to give a background reading. A model for Ca 2+ increases in the SI response Together, our data indirectly implicate a role for intracellular release, but more importantly, directly demonstrate that Ca 2+ in¯ux is a key early step in the SI response;
indeed it may represent the ®rst event. The rapidity of the Ca 2+ i response is in line with the idea that the SI reaction is a receptor-mediated response, with the S-protein acting as a signal molecule. The notion that the Ca 2+ in¯ux is likely to represent an early step in the signal transduction cascade is not unprecedented. Transient in¯ux of Ca 2+ across the plasma membrane has been shown to play a role in the early steps of the pathogen defence response signal cascade (Romeis et al., 1999) . Similarly, one of the earliest measured responses to Nod factors by their host legumes is a stimulation of Ca 2+ in¯ux (Felle et al., 1998; Yokoyama et al., 2000) . We consider it unlikely that the S proteins act directly on Ca 2+ -conducting channels since S-speci®city needs to be encoded in some way, as elevations in [Ca 2+ ] i do not occur as a consequence of a compatible SI reaction. Our current model (Figure 9b ) therefore proposes that there is a membrane-located pollen S-receptor that binds S proteins in an S-speci®c manner. Although we have not identi®ed the pollen S-receptor, a pollen-speci®c integral membrane proteoglycan, SBP, has been shown to bind S proteins in vitro (Hearn et al., 1996) . We hypothesize that SBP either acts as an accessory receptor in conjunction with the Sspeci®c receptor in pollen, or that it is the S-receptor, and has both high and low-af®nity binding sites (Jordan et al., 1999) . Since the present study demonstrates that when incompatible stigmatic S proteins interact with the pollen S-receptor, SI-induced increases in Ca 2+ in¯ux are stimulated, it appears likely that the pollen S-receptor is in some way associated, or interacts with, channels that conduct Ca 2+ . In this way, the S-speci®c in¯ux of Ca 2+ could be achieved. Our data also indicate that Ca 2+ in¯ux stimulates increases in [Ca 2+ ] i , which suggests some contribution from intracellular stores as well as extracellular sources. These increases in [Ca 2+ ] i trigger the SI-induced signalling cascade ( Figure 9b ) described earlier.
In summary, we have demonstrated that normally growing poppy pollen tubes exhibit relatively large ] i may affect them. Stigmatic S proteins (S 1 , S x ) interact with assumed S-speci®c pollen receptor via SBP (all bind SBP, but only S 1 protein can interact with S 1 receptors thereby generating incompatible S-speci®city). Binding the S-receptor stimulates increases in Ca 2+ in¯ux (perhaps through a non-speci®c cation channel), which is postulated to interact (indicated by the double-headed arrow) in some way with the pollen S-receptor to achieve S-speci®c in¯ux of Ca 2+ 
Experimental methods
Plant material
Plants of P. rhoeas L. (var. Shirley) segregated for known incompatibility genotypes (S 1 S 3 and S 2 S 4 ) were used for these experiments (Franklin-Tong et al., 1988) . Pollen was stored at ±20°C, over silica gel, until required.
Expression of recombinant S-proteins and assessment of S-protein activity
Recombinant S proteins for alleles S 1 and S 3 (S 1 e and S 3 e, respectively) were used to challenge pollen. Nucleotide sequences specifying the mature peptide of the S gene for S 1 and S 3 were cloned into the expression vector pMS119 to produce pPRS100 and pPRS300, respectively (Foote et al., 1994) . High-level expression of recombinant S proteins were induced in these E. coli cells containing pPRS100 or pPRS300 with 1 mM isopropyl b-D-thiogalactoside. The resulting inclusion bodies were isolated, puri®ed and refolded as described in Kakeda et al. (1998) . Protein concentration was estimated using the Coomassie Brilliant Blue R-250 dye-binding method (Bradford, 1976) . The recombinant S proteins S 1 e and S 3 e were assayed for their S-speci®c pollen inhibitory activity prior to each experiment. They were dialyzed against liquid germination medium (see In vitro system for growing pollen) and tested against incompatible (S 1 S 3 ) pollen and compatible (S 4 S 5 or S 2 S 4 ) pollen genotypes for S-speci®c inhibitory activity; see Kakeda et al. (1998) for full details.
In vitro system for growing pollen for vibrating probe work
Pollen was grown using an in vitro system, adapted from Franklin-Tong et al. (1993) so that the vibrating probe technique could be used to make measurements from growing pollen tubes. The concentration of Ca 2+ in the germination medium (GM) was adjusted to 50 mM, which was the lowest concentration that would support good growth. This GM comprised 7.5% sucrose, 5% polyethylene glycol 6000, 0.01% KNO 3 , 0.01% H 3 BO 3 , 0.01% Mg(NO 3 ) 2´6 H 2 O, 50 mM CaCl 2´2 H 2 O. Slides were prepared as described in Franklin-Tong et al., 1997. Brie¯y, pollen was prehydrated and a pre-warmed chamber-slide was prepared with GM and 1.5% low-temperature gelling agarose (type VII; SigmaAldrich Co. Ltd, Poole, UK). Pollen was sown on this thin layer of germination medium, left to cool and solidify for approximately 30 sec. This was then covered with 300 ml liquid germination medium and incubated at room temperature in a moist chamber until pollen tubes of approximately 100 mm had grown.
Vibrating probe work
Measurements of Ca 2+¯u xes were made using Ca 2+ selective vibrating probes (Smith et al., 1994) . These were made at various points at the extreme apex and along the shank region of growing pollen tubes. For the SI challenges, we chose a region of the pollen tube approximately 50 mm behind the pollen tube tip to position the probe, and monitored Ca 2+¯u xes over time. Some 2-dimensional scans were made of the shanks of growing pollen tubes, which enabled the mapping of both the magnitude and vector direction of the Ca 2+¯u xes. The Ix and Iy were made sequentially, not simultaneously or interleaved. As a result, saying the Ix is stable for the time the measurements were made does not necessarily mean that the Iy, measured next, shares the same stability. Matlab scripts were used to place vectors on grey scale images with appropriate scale bars. A sample script is available for download at the following URL: http://marlin.bio.umass.edu/biology/kunkel/pub/matlab/. Data matrices produced by the ion selective probe software, as described in Holdaway-Clarke et al. (1997) , were analyzed using an MS Excel (Excel 97, Microsoft) spreadsheet to convert data from the background-mV estimation of concentration and microvolt-difference estimation of the local gradient into speci®c ion ux (pmole cm ±2 sec ±1 ). A model MS Excel spreadsheet is available at http://marlin.bio.umass.edu/biology/kunkel/mage/ uv2¯ux.html A Nernst slope and intercept was determined for each electrode used. Calibration of the ef®ciency of the probe in a dynamic state was performed using point sources of Ca 2+ as previously described (Smith et al., 1994) . The background mV response was measured prior to each series of 1D measurements and prior to each 2D measurement. Background mV values away from and close-by the tube were routinely determined to establish if the local environment of the pollen tubes was being modi®ed by evaporation or local cellular metabolism. Mean data on the Ca 2+ uxes was generated from various data sets. Means of¯uxes for data where no detectable changes were elicited (e.g. at a certain point behind the pollen tube tip, or before challenge) were taken from a complete data set where that measurement was made. Mean maximal'¯uxes for comparisons of data where changes were detected (e.g. oscillations at pollen tube tips and¯uxes triggered by the SI response) were taken from 10 adjacent data points in time where the largest in¯ux was detected. For those experiments examining challenges, means were calculated only from the pollen tubes subsequently challenged with compatible or incompatible S-proteins (i.e.`before' and`after' challenge comparisons).
Use of Gd
3+ and La 3+ to block calcium in¯ux and growth
in pollen tubes
A range of concentrations between 10 mM and 500 mM of Gd 3+ and La 3+ was used to establish concentrations required to block Ca 2+ in¯ux. These were added to pollen tubes prior to measurement with the ion-selective vibrating probe. Pollen tubes were also treated with addition of La 3+ and Gd 3+ prior to addition of incompatible S proteins. To establish the concentrations of La and Gd 3+ required to inhibit pollen tube growth, pollen tubes were grown on germination medium solidi®ed with 0.5% Agarose MP (Boehringer-Ingelheim, Bracknell, Berkshire, UK). After 30 min addition of LaCl 3 or GdCl 3 were made by adding liquid germination medium supplemented with 0, 10, 25, 50, 75, 100, 250 or 500 mM LaCl 3 or GdCl 3 . At this point, a control was ®xed in 2% glutaraldehyde for t = 0. The pollen tubes were grown for 30 min after treatment, ®xed in 2% glutaraldehyde and the length of 15 tubes for every treatment was measured. Independent experiments were repeated (n = 7), and the data analyzed using Minitab software.
Microinjection, treatment and [Ca 2+ ] i imaging of fura-2 dextran-loaded pollen tubes Fura-2 dextran was used to visualize the [Ca 2+ ] i in individual living pollen tubes in order to determine if La 3+ was effective in blocking intracellular [Ca 2+ ] i , as in our vibrating probe studies it was found to block Ca 2+ in¯ux stimulated by the SI response. Pollen tubes grown in vitro were microinjected with fura-2 dextran (10 000 Mr) (Molecular Probes Inc., Eugene, OR, USA) as described in detail by Franklin-Tong et al. (1997) . [Ca 2+ ] i was measured in pollen tubes pre-treated with 500 mM La 3+ using ratiometric imaging before and after SI induction using biologically active S proteins, as described in Franklin-Tong et al. (1997) . A series of pairs of images imaged at 10-sec intervals, at the wavelengths 340 nm and 360 nm was captured in a timed sequence. Pollen tube [Ca 2+ ] i was analyzed through a series of images captured by¯uores-cence ratio-imaging on a Nikon Diaphot microscope (Nikon UK Ltd., Kingston, Surrey, UK) out®tted with a highly regulated mercury vapor lamp and a thermoelectrically cooled CCD (Pierson et al., 1994 (Pierson et al., , 1996 . Images were obtained and processed using the PMIS imaging software package (Photometrics, Tucson, AZ, USA) and the ratio data were plotted using excel.
